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An Exact Algebraic Solution for the Incubation Period
of Superfill
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Recent publications have used the impact of area change coupled with conservation of adsorbed catalyst to quantify the “superfill”
effect of bottom-up feature filling during electrodeposition and chemical vapor deposition. This work describes how that super-
filling process can be quantified using planar fronts that grow from corners where surfaces impinge. The results obtained apply
only when catalyst is preadsorbed on the surface, with no subsequent accumulation or consumption. However, because they are
exact solutions, they can also be used to check the accuracy of models and computer codes concerned with the more general
problems of feature filling. Implications for sidewall deposition associated with the incubation period are discussed.
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The implementation of copper electrodeposition for fabrication catalyst accumulation and feature filling, capturing the incubation
of metallizations in submicrometer circuitry has been successful beperiod, bottom-up fill, and overfill bump formatidfi Predicted fail-
cause of the superconformal bottom-up feature filling, “super- ure to fill, however, manifests as seam formation rather than void
fill”, that is obtained with industrial electrolytes. The curvature en- formation. The simplest CEAC-based models evaluate feature filling
hanced accelerator covera@@EAC) mechanism has been proposed using vertical sidewalls, a horizontal bottom, uniform distributions
to underlie this superconformal deposition process. It is described irof catalyst on each surface, and an approximation of cupric deple-
a series of publications that have also detailed electrolytes for sution within the feature$:*® Because each simulation requires less
perconformal feature filling with both copper and silVér.The  than1s, these simple models permit rapid examination of parameter
CEAC mechanism accounts for the impact of locally changing sur-space for approximate determination of the range of conditions that
face area on the coverage of adsorbates. It has been used to quarWill yield feature filling. . . o
tatively predict superconformal feature filling during copper electro- ~ Closed form, or otherwise precisely quantifiable, descriptions of
chemical depositiofECD),*? silver ECD3* and copper chemical ~feature filling that can be used to assess the accuracy of such codes
vapor depositioiCVD).5” The copper ECD process uses a catalyst haye not existed. This is particularly significant because the featu_res
that increases metal deposition rate and an inhibitor that decreasd¥ing filled have concave corners that can challenge the numerical
metal deposition rate; the other processes use only a catalyst. All thénplementations of most models. The solutions for superconformal

kinetics required for the feature filling predictions are obtained from filling of trenches presented in this work include exact results for
studies on planar substrates. feature filling over a wide range of conditions. Because exact solu-

Publications vary widely in the proposed role of adsorbates intions are obtained, these problems can be considered as test cases for

superconformal feature filling during copper ECD. Some consider€valuating the accuracy of codes meant to address feature filling
variations of traditional leveling models, specifically focusing on Under more general conditions.
depletion of inhibitof*! Some propose competitive adsorption of .
various additives during copper ECD, subject to equilibrium be- The Solution
tween the adsorbed catalyst and the adjacent electrglyRerhaps Geometry—The problem addressed is that in which a given
because of the comparative simplicity of the process, every publicaamount of catalyst has been preadsorbed on the surface of a trench
tion about iodine-catalyzed copper CVD has suggested that the imprior to metal deposition. This technique has been used to achieve
pact of area change on coverage of adsorbed catalyst underlies sguperconformal filling by copper ECB,silver ECD? and copper
perconformal feature filling>*> However, aside from the CEAC- CVD.5” In the modeling, there is assumed to be no accumulation,
based publications, only two papers include quantitative modelingconsumption, or diffusion of catalyst during the metal deposition.
of the impact of area change on coverage of adsorB&tésoth Figure 1 shows the geometrical evolution being conside@dsu-
model copper ECD and fit the model predictions to feature filling perconformal metal deposition manifests first as growth of inclined
experiments to obtain some kinetic parameters. One of these alsgurfaces from the bottom cornefb) those surfaces impinge in the
invokes equilibrium coverage of adsorbed catalyst at the start of theniddle of the bottom surfacég) a new bottom surface originates at
simulations but then chooses to relax the boundary condition duringhe impingement site(d) that new bottom surface eventually makes
feature filling®’ contact with the sidewalls. At that point, the geometry is that of the
The computational complexities of published CEAC-based mod-original rectangular trench; the inclined surfaces are expected to
els vary substantially. Some models use level-set and scalar variabl@erm again. The first stage of superconformal fillifigpom Fig. 1a to
techniques to solve the full transport equations in the electrolyte and) has been observed in numerous experiments, including some of
enforce the CEAC mechanism at the moving boundary within thethe works already citefl’*6*'as well as in the predictions of vari-
filling feature!®'® These full solutions quantitatively predict all as- ous models:®>%71618 The second stage(from Fig. 1b to

pects of feature filling including incubation period, bottom-up fill, d) has also been observed in experimé and
and overfill bump formation. They also capture void formation predictionst357:18
where failure to fill occurs. However, a single feature filling simu- Quantifying the progression during the first stage of the incuba-

lation takes upward of 10 h on a 1 GHz computer. Models of inter-tion period (Fig. 1a to ) was accomplished by considering two
mediate complexity use front tracking algorithms to account for positions of the interfacé-ig. 2). Due to the symmetry of the prob-
geometrical compression of adsorbed catalyst, but neglect concerlem, with identical catalyst coverage on the sidewall and bottom
tration variations within featuresTaking only a few minutes on the  surfaces, the normal for the inclined surface was/dtas indicated.
same computer, these models still provide accurate assessment dhe two growth contours were considered to be separated in time by
an infinitesimal increment of timAt (we show that the results also
hold for finite time incremenis It was presumed that the length of
* Electrochemical Society Active Member. the inclined section increased with time, so that the angleefin-
Z E-mail: daniel.josell@nist.gov ing the motion of the intersection between the bottom and inclined
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(a) (b) (c) (d) section of bottom surface. As per Fig. 2, the lenglhsandd, can
be expressed in terms of the velocities and the athgle
h dl = U]_At/tar(\bl)
1
o [2]
d2 = UzAtta Z - l’}l

hy

As a result, Eq. 1 becomes

4 hy

— 0, v w
w 6_2 = U_ltar(lbl)taf‘(Z - L]11) (3]

Figure 1. Schematics of superconformal feature filliig) inclined growth

surface growing from the corner where the sidewall and bottom surfacesp|so from Fig. 2, the equation for the bottom surface is
meet,(b) impingement of the surfaces coming out from the two lower cor-

ners, (c) new bottom surface growing from the corner where the inclined y = vjAt (4]
surfaces impingedd) elimination of the inclined surfaces by the new bot-
tom surface. while that for the inclined surface is

y = =X + vAty2 [5]

surfaces satisfied & ; < w/4, as drawn; were this not the case,
the new surface would not have formed. Spatially uniform catalystThis Yields the time-dependent intersection (y1) of these sur-
coverage® and normal velocities were ascribed to each surface as faces

per Fig. 2; note that this is self-consistent. The starting catalyst v,

coveraged, was presumed to be known and the deposition (iate (X1, Y1) = let( V2—= -1, 1) (6]
normal velocity was presumed to depend only on the catalyst cov- U1
erage 0 through a functionv(6) that was also knownwith

v, =v(0,) andv, = v(0,)]. Saturation of coverage is not con- Noting that tang,) = slopek, Y1), one obtains

sidered herei.e., 8 was not constrained to be less than unity. The v,y -1

distances moved by the inclined and bottom surfaces in Fig. 2 dur- tan(y;) = (\/EU— - 1) [7]

ing the time incremenAt have been expressed using their normal !

velocities. Equation 3 and 7, with the definitions = v(6,) andv, = v(6,),
Solution for the first stage of the incubation perieenvoking represent two equations for the two unknownsand,. Note that

conservation of adsorbed catalyst leads to Eq. 1 these equations continue to be satisfied during successive growth if

they are already being satisfied. Thus, they can be used to define the
di0; = dy0; [1] growth of the incline and sidewalls from the start of deposition until

) ) impingement(Fig. 1b. This can be accomplished by replacing
equating the quantity of catalyst adsorbed on the newly created segy the timet elapsed since the start of deposition and invoking an
tion of the inclined surface with that which was on the eliminated infinitesimal corner at the start of metal deposition.

By symmetry, the inclined surfaces originating from the two bot-
tom corners(Fig. 1b meet atx,(t,;) = w/2 (defining the timet,
from the start of deposition to the contact of the two surfaces
ReplacingAt by t;, Eq. 6 yields

<

7
/ w/2
S V, h=—F= (8]
:,//':/ ——>1 va( \/EUZIUJ_ -1
fi/f e The deposit thickneds, on the sidewalls at the end of this stage of
7’; 1 the incubation periodFig. 1b is then obtained by multiplying the
5/ deposition timet; by the deposition rate
// h ; w/2 (9]
" d = U = —
2 ! t \/El)zlv]_ -1
é’«* . 92 Alternatively, Fig. 2 yields the geometrical relationship
7
7 2hy 2yt
7 'w W T w ey [10]
//// } That Eq. 9 and 10 are identical can be shown using the expression
j}” _I Wl\ for tan)s;) in Eq. 7.
A AT
s y 7 ” 7 P X Solution for the second stage of the incubation peretihe
4//}////?/ /;;é%/ 7 /j;//f//j%//;//// second stage of the incubation period is associated with the rapid

upward motion of the bottom surface created when the two inclined
Figure 2. Schematic of the evolution of the growth surface coming from the Surfaces first impingedFig. 3). Visual inspection of Fig. 2 and 3
lower left corner. Two growth contours representing the surface of the metashows that the second stage geometry is identical to the first stage
deposit at two times separated by timé are pictured. Parameters that geometry rotated byr/4 radians counterclockwise. Thus, the solu-
define the geometry of the evolution are indicated. tion obtained for the first stage can be applied directly to determine
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1 10 (X2, ¥2 surface when the inclined surfaces collide. The deposition time
/ 1 H t = t, at which the upward moving bottom surface eliminates the
7 »| f inclined surfaces, achieving the state pictured schematically in Fig.
7 \J] :__:' §X3 , Y3) 1d, is obtained by equating, = X3 to obtain

/ 3 B "AT w

7 vty ta 2 Yip | + 2

t, = [16]

I
U1 + U3tar<z - \.!12)

The cumulative thickness of the sidewall deposit at the end of the
second stage of the incubation period is then obtained from the
product of the sidewall velocity and deposition time

T
vaty ta 2 P

1+ Ztanf o
ZStan — —
Uq 4 l’Jz
Implications of the results—As per Eq. 9, the larger the ratio
volvq (i.e, the smaller the anglés; from Eq. 9, the thinner the
associated deposition on the sidewalls during the first stage of the
incubation period. Thus, optimum filling is obtained if
v(01) < v(0,). Substitution of this limiting condition in Eqg. 3 and
7 vyields ; = 0 (as expectedand 6,/6; = 2. Becausey,
Figure 3. Schematic of the evolution of the new surface formed when the = 0, there is negligible deposition on the sidewalls and bottom as
two inclined surfaces collided. Two growth contours representing the surfaceghe inclined surfaces advance inwardv (9,) < v(03) is also sat-
of the metal deposit at times separated by tifiteare pictured. Parameters isfied, then Eq. 11 and 12 vyieldy, =0 and 65/6,
that define the geometry of the evolution are indicated. = /2, and there also is negligible deposition on the sidewalls and
incline as the bottom advances inwgafter the inclined surfaces

) impinge. In both cases, “negligible deposition” means as a fraction
the coverag®; and the angles, that define the second stage by the ¢ ihe feature widthw.

w
+ —

h2 = Ult2 = [17]

variable change8, — 63, 6; — 6,, andy; — i, in Eq. 3 and 7 While it is possible to obtain such behavior for some forms of
to obtain v(0), linear behavior of the form
-1
tan(y,) = (\/Ev—2 - 1) [11] vt -

has been proposed for some processe’s:?*For this case, Fig. 4
and plots the scaled sidewall thicknesk;2w as a function of the ratio
B/A (that is, as a function of just how strongly the adsorbed catalyst
accelerates the metal depositioithe corresponding solutions for
scaled catalyst coveragl /6, and deposition rate,/v, are also
given. Representative values @f /v, 6,/6,, and Z,/w can be
As in the first stage, the coverages and velocities are uniform andound in Tables | and Il. These results were obtained using the form
constant on each segment throughout the second stage of the incy<g) given in Eq. 18 and a starting coverage = 0.05, gettingd,
bation period(from Fig. 1b to d. andys, from Eq. 3 and 7, and then substituting in Eq. 10 fbr, 2w.
From Fig. 3, the second stage of the incubation period endsBased on Fig. 4a, significant sidewall deposition cannot be avoided
where/when the linex;, y,) defining the intersection between the for linearu (6); the deposit on each sidewall is a minimum~e20%
sidewall and inclined surfaces meet the ling (y;) defining the  of the feature widththus,~40% combinejl It may seem counter-
intersection between the inclined and new bottom surfaces. The exntuitive that this cannot be decreased as the impact of the catalyst
pression on deposition rate is made arbitrarily largg/@ — «). However,
solution of Eq. 3 and 7 for this limiting case yields

0,

- v § v 2
e U—ztaf(lliz)ta 7 ¥ [12]

(X2, ¥Y2) = v4t[1, L/tariys,) ] [13]
U2 0,
can be obtained from the intersection of v, 0, V2 +1 [19]
X = Ult [14]

and §s; = 7/8, giving tan(;) = V2 — 1. Equation 19 indicates
defining the sidewall and Eq. 5 defining the inclinesing tan{s,) that, for a linear velocity coverage relationship, the deposition rate

found in Eq. 7. The timet is again from the start of deposition. The ©n the incline does not exceed2.41 times that on the sidewalls
expression (and bottom), and Eg. 10 yields an associated value df; Av

~ 0.414. AsB/A decreased}, /6, increases monotonically,, /v |

B ™ 1 h decreases monotonically, and the thickness of the sidewall deposit
(X3, ys) = vg(t = ty)| —tan 7 — ¥, 1) + | 5. hy when the inclined surfaces impinge increases monotonic&ily.
\ 4a-0.
fort >t [15] The sidewall thickness at the end of the second stage of the
incubation period, as a function &/A, is also overlaid in Fig. 4a;
was obtained from the geometry in Fig. 3. As wilfy, it is pre- representative numerical values are given in Table Il. The sidewall

sumed thatls, < w/4, consistent with formation of the new bottom thickness is obtained using the expression
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which can be derived from Eq. 17, using Eq. 7 and 8. The inputs
andvs/v, were obtained from Eqg. 11 and 12 usithg andv, /v,
obtained from solution of the first stage. The associated coverage
and velocity ratios are also plotted in Fig. 4b and 4c, and represen-
tative numerical values are given in Table I. It is evident from both
Fig. 4 and Table 1l that, for the linear velocity coverage relationship,
the combined thickness of the deposits on the two sidewalls cannot
be below~59% of the feature width. This result can be obtained by
noting that, for the limiting case @d/A — « (i.e, v(0) = B6)

U2 U3 0, 03
— = == == —==2+1 21
U1 U2 61 0, \/— [21]

andyi, = i, = /8, so that &, /w = 2/(\2 + 1) ~ 0.586.

Beyond the incubation periog-lt is actually disingenuous to
call the two stages of fill described above the “incubation period”,
because deposition is never truly confornial contrast to feature
filling when catalyst accumulates from the electrolyte during metal
deposition. As such, there is no reason that the formalism used is
limited to studying these first two stages. Indeed, the geometry
reached at the end of the incubation peribdy. 1d is just a smaller,
higher aspect ratio version of that existing at the start of feature
filling. Therefore, one might again expect the formation of inclined
surfaces where the sidewall and bottom surfaces meet.

However, because the bottom surface has a different coverage
than that on the sidewall, there is no longer a symmetry that forces
the inclined surface to have a normal at an anglerf (Fig. 5).
Such surfaces, with normals at angles closetrt®, have been ob-
served in previous predictiods? Obtaining the geometry of the
new inclined surface is straightforward. A mass conservation equa-
tion and a geometrical consistency equafianalogous to Eqg. 3 and
7) can be written for the intersection of the new surface and sidewall
as well as for the intersection of the new surface and bottom surface.
The resulting four equations can then be solved for the four un-
knowns: the coverage on the inclifg, the angle defining the nor-
mal to the inclineyss, and the two angle$,; andys, describing the
evolution of bottom-incline and sidewall-incline intersections, re-
spectively(Fig. 5).

To derive the four equations, first note that the sidewall and
incline can be expressed as

x = At*v, [22]

and
X U4At*

tanly) | sinls)

[23]

respectively; for simplicity, timeAt* is relative to the end of the
second stage of the incubation period and the origin is at the lower
left corner of the corresponding unfilled regioriwidth
w*= w — 2h,). Using Eq. 22 and 23, one can obtain the line

Uy U1 )

Sy tany) [24]

(Xs, ¥Y5) = At*(vlv

Figure 4. (a, top The scaled thickness of the combined sidewall deposits atparametrized byAt*. The line
the end of each deposition stage as predicted for deposition rate-coverage

relationshipv = A + B6. (b and ¢ The associated coverage ratios and

velocities ratios, respectively.

[20]

U4

cogss)

(Xq, Ya) = At*

— tan(ys)vs, 03) [25]

also parametrized byt* can be obtained from the intersection of
the bottom

y = At*l}3 [26]
and inclined(Eq. 23 surfaces.

For consistency of the surface velocities and angles at the
sidewall-incline and incline-bottom intersections, it is necessary that
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Table I. Catalyst coverages obtained through solution of the relevant conservation and geometrical consistency equations for velocity that
depends linearly on coverage. For all derivations, a value d¥; = 0.05 was usedthe value used only shifts the behavior as a function dB/A).

Limiting values (B/A > 1) are discussed in the text.

U3 Uag Us
B/A 0,/6, 03/65 0,4/63 (rad (rad (rad
1 11.7335 3.44923 4.90162 0.725042 1.29649 1.27975
5 4.62723 2.97038 4.04882 0.703569 1.34936 1.29727
10 3.60931 2.78089 3.72925 0.690801 1.37604 1.30308
50 2.68316 2.51748 3.30523 0.666686 1.42012 1.30841
100 2.55186 2.46902 3.23008 0.661194 1.42922 1.30882
500 2.44233 2.42576 3.16382 0.655955 1.43761 1.30899
1000 2.42831 2.42003 3.15509 0.655235 1.43874 1.30899
5000 2.41704 2.41538 3.14804 0.654647 1.43966 1.30900
10000 2.41562 2.41479 3.14715 0.654573 1.43978 1.30900
tan(Y3) = slopeXs, Ya) [27] 2h;  2h, N 2h2)(04 1 v3t e -1
= — - —||—= - —ta
w /lvy codds) vy °
and [33]
tan(yr,) = slop&xs, ys) (28]

) ) _ Results for h;/w and the coverage and velocity ratios are found in
Using the forms for X4, y4) and s, ys) obtained in Eq. 25 and  Fig. 4; representative numerical values fof, i3, U4, U5, and

24, Eq. 27 and 28 yield

2h;/w are given in Tables | and Il. Because of the relatively high

; 1 deposition ratdi.e., catalyst coverageon the incline and the high
tan(z) = e tan(iss) [29] value of s, there is relatively little additional sidewall deposition
v3 Cos) associated with this stage. Predictions obtained using the string

model of Ref. 1 with bottB/A = 10 and 100 show excellent agree-
and ment with the results in Tables | and(demonstrating the accuracy
of that code.

1 U4/Ul

tan(,) =

+ = 30 Extendability of the formalism-The sidewalls of real features
arhs) © Sin(bs) 130) y

are frequently nonvertical. The formalism presented above can be

. . . applied to derive the catalyst coverages, deposition rates, and result-
respectively. Invoking conservation of the adsorbed catalyst at thgng fill dimensions for this geometry as well. The solution obtained

sidewall-incline and the incline-bottom intersectiofs.g, see Eq.
1, 2 and 3 yields the two equations

also applies for simulation of deposition beyond the three stages
already presented because the inclined surfaces in the third stage do

its similarity to what has been presented, the derivation is omitted.

p10, tanUg) = 40, tanl, — ) [31] not form a right angle where they impingé4 # mw/4). Because of
and
v3b3
v404tanPs — b3) = @iy [32] y 6

7
respectively. Equation 29 through 32 permit the unknown quantitiesy/;
04, U3, V., andy; to be evaluated. The increment of sidewall /&/
deposition associated with this stage alone can then be obtained b
using Eqg. 25 to find the time incremeAt* at whichx, = w*/2
and multiplying that value by the sidewall velocity;,. The total 0
thickness of the deposit at the end of this stage can then be writter,////

7
7
7 Z

7 . (x4 ,)/4)
7 S
W)
Table Il. Combined sidewall thicknesses as a fraction of the fea- 7
ture width obtained using the catalyst coverages obtained in //§
Table | for velocity that depends linearly on coverage. Limiting '//
values(B/A > 1) are discussed in the text. 7 AV3 0,
7 |
B/A 2h, Iw 2h, Iw 2hs Iw Z
LA
1 0.879472 0.948639 0.964442 /;//—l
5 0.694371 0.839303 0.877719 7 A g 7 X
y 7 / i g
10 0.608177 0.773634 0.820273 00000777 000
50 0.472931 0.648848 0.702914
100 0.445811 0.620410 0.674927 Figure 5. Evolution of deposition after the two stages of the incubation
500 0.420958 0.593312 0.647889 period. The new surface originates where the original sidewall and new
1000 0.417615 0.589591 0.644149 bottom surfaces impinge. Two growth contours representing the surface of
5000 0.414898 0.586554 0.641092 the deposit at times separated by tikieare pictured. Parameters that define

10000 0.414556 0.586170 0.640705 the geometry of the evolution are indicated.
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Conclusion 7.

It has been shown that, when catalyst has been preadsorbed og
the surface of a trench, the superfilling process can be described;.

using growth fronts that grow from corners where two surfaces im-

pinge. The equations obtained are exact. They can be used to check.
the accuracy of models and computer codes concerned with thél.

more general problems of feature filling. To aid in such checks,

numerical values have been provided for representative cases whefé

the deposition rate is linear in catalyst coverage. Limiting values,
corresponding to the case that deposition rate is proportional to cata-
lyst coverage, were also given. Among the significant results ob-

tained is the existence of minimum sidewall thickness when depo-14.

sition rate is linear in the catalyst coverage.

The National Institute of Standards and Technology assisted in meeting 5

the publication costs of this article.
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